Several studies support the existence of a link between the AGN and star formation activity. Radio jets have been argued to be an ideal mechanism for direct interaction between the AGN and the host galaxy. A drawback of previous surveys of AGN is that they are fundamentally limited by the degeneracy between redshift and luminosity in flux-density limited samples. To overcome this limitation, we present far-infrared Herschel observations of 74 radio-loud quasars (RLQs), 72 radio-quiet quasars (RQQs) and 27 radio galaxies (RGs), selected at 0.9 < z < 1.1 which span over two decades in optical luminosity. By decoupling luminosity from evolutionary effects, we investigate how the star formation rate (SFR) depends on AGN luminosity, radio-loudness and orientation. We find that: 1) the SFR shows a weak correlation with the bolometric luminosity for all AGN sub-samples, 2) the RLQs show a SFR excess of about a factor of 1.4 compared to the RQQs, matched in terms of black hole mass and bolometric luminosity, suggesting that either positive radio-jet feedback or radio AGN triggering are linked to star-formation triggering and 3) RGs have lower SFRs by a factor of 2.5 than the RLQ sub-sample with the same BH mass and bolometric luminosity. We suggest that there is some jet power threshold at which radio-jet feedback switches from enhancing star formation (by compressing gas) to suppressing it (by ejecting gas). This threshold depends on both galaxy mass and jet power.
INTRODUCTION
In recent years the study of AGN has undergone a renaissance. This is due to the fact that AGN activity is now widely believed to be an important phase in the evolution of every massive galaxy in the Universe. There are a number of pieces of evidence that support a global evolutionary connection between the star formation and AGN activity, for example, 1) the differential redshift evolution of the AGN luminosity function, or "AGN downsizing" is also found for the star-forming galaxy population (e.g. Hasinger et al. 2005; Hopkins & Hernquist 2006; Aird et al. 2010; Kalfountzou et al. 2014a) , 2) the redshift distribution of strongly star-forming galaxies follows that of powerful AGN (e.g. Willott et al. 2001; Chapman et al. 2005 ; Wardlow et al.
⋆ Email: ekalfountzou@sciops.esa.int 2011; Miyaji et al. 2015) , 3) the star formation rate density as a function of redshift is broadly similar to the BH accretion rate density (e.g. Boyle & Terlevich 1998; Merloni et al. 2004; Aird et al. 2010; Madau & Dickinson 2014 ) and 4) a tight correlation is found between the BH and stellar mass of the host galaxy bulge (e.g. Magorrian et al. 1998; McConnell & Ma 2013; Graham & Scott 2013; Kormendy & Ho 2013) . There are several examples of composite objects showing both AGN and star formation activity, in the literature (e.g. Page et al. 2001 Page et al. , 2004 Alexander et al. 2005) , particularly at z ≈ 1, close to the peak of the AGN luminosity density in the Universe (e.g. Barger et al. 2005; Hasinger et al. 2005) . However, the picture is still not clear, with investigations at different wavelengths producing many differences of opinion as to the amount of radiation that is absorbed and reprocessed by dust, how this is related to the host galaxy and whether the triggering mechanism behind the AGN activity is also responsible for massive c 2012 RAS star-formation activity (e.g. Harrison et al. 2012; Mullaney et al. 2012b,a; Rodighiero et al. 2015) . Moreover, it is also unclear how these processes depend on luminosity and radio-loudness and how they are observationally affected by orientation (e.g. Rosario et al. 2012; Page et al. 2012; Kalfountzou et al. 2012 Kalfountzou et al. , 2014b Chen et al. 2015) .
From a more theoretical perspective, semi-analytic and hydrodynamic models of galaxy formation suggest that the correlation between AGN and star-formation activity arises through AGN feedback processes between the galaxy and its accreting BH (e.g. Di Hopkins & Hernquist 2006; Di Matteo et al. 2008; Hopkins & Elvis 2010) . However, it is still unclear what kind of AGN-driven feedback is the most important. The feedback process from a growing supermassive black hole (SMBH) can be split broadly into two types. Using the terminology of Croton et al. (2006) , these are "quasar-mode" feedback, which comprises wideangle, sub-relativistic outflows driven by radiation due to the efficient accretion of cold gas, and "radio-mode" feedback, which are relativistic outflows that punch their way out of the host galaxy and into the surrounding inter-galactic medium (IGM), often but not exclusively due to radiatively inefficient accretion from a hot gas reservoir.
Quasar-mode feedback is considered to be driven by a wind created by the luminous accretion disk. In this case, the ignition of the nucleus in a star-forming galaxy heats up and removes the interstellar medium (ISM) gas from its host galaxy, thus reducing or even stopping star formation (e.g. Granato et al. 2001; Croton et al. 2006; . During this process, the flow of matter to the central SMBH can be reduced, lowering the accretion flow and eventually extinguishing the AGN. Once the gas cools down and starts to collapse into the nucleus again, a new AGN phase may begin and the cycle resumes.
Radio-mode feedback is instead driven by relativistic jets. Direct observations show that jets can influence gas many tens of kpc from the centre of the parent host galaxy (e.g. Nesvadba et al. 2010 Nesvadba et al. , 2011 Emonts et al. 2011) . Indeed, the brightest radio structures in radio-loud AGN are often observed on kpc scales and are produced by the coupling of the AGN outflow to its environment (e.g. Dicken et al. 2012) . Radio AGN energy output, in the form of heating, can prevent hot gas from cooling and falling into a galaxy to form stars (e.g. Croton et al. 2006) , especially in the more massive galaxies and at much smaller accretion rates than that of the quasar-mode feedback. The cooling of the hot gas onto the central region of the galaxy fuels intermittent AGN outbursts, which in turn heat the inflowing gas, perhaps stopping or slowing down the accretion inflow (e.g. Best et al. 2005) .
The role of radio jets in the evolution of galaxies, in particular with respect to star formation, has been widely discussed, with the observational consensus being mixed. Certainly, AGN jets have largely been assumed to effectively suppress or even quench star formation (e.g. Best et al. 2005; Croton et al. 2006; Karouzos et al. 2013; Hardcastle et al. 2013; Gurkan et al. 2015) because the jets warm up and ionize the gas they collide with, making collapse under self-gravity more difficult, or directly expel the molecular gas from the galaxy, effectively removing the ingredient for stars to form (e.g. Nesvadba et al. 2006 Nesvadba et al. , 2011 . Interestingly, theoretical models (e.g. Silk et al. 2012) , recent simulations (e.g. Gaibler et al. 2012; Wagner et al. 2012) and observations (e.g. Kalfountzou et al. 2012 Kalfountzou et al. , 2014b reveal that jet activity can actually trigger star formation by generating some high density, low temperature cavities embedded in the cocoon around the jet (e.g. Antonuccio-Delogu & Silk 2010; Silk & Nusser 2010; Silk et al. 2012 ). The alignment effect seen in radio galaxies may also be a manifestation of this process (e.g. Eales et al. 1997; Inskip et al. 2005; Best & Heckman 2012) .
It is apparent that some form of feedback is needed to explain the observational results for black hole-galaxy co-evolution, but much still remains unclear. Many studies have attempted to determine the star-formation activity in quasar host galaxies using optical colours (e.g. Sánchez et al. 2004) or spectroscopy (e.g. Trichas et al. 2010; Kalfountzou et al. 2011; Trichas et al. 2012 ). However, spectral diagnostics are not immune to AGN contamination, and optical diagnostics, in particular, are susceptible to the effects of reddening. The Herschel Space Observatory (Pilbratt et al. 2010) , with its high FIR sensitivity and broad wavelength coverage, offers a powerful way of measuring the approximate SFR with minimal AGN contamination (e.g. Netzer et al. 2007; Hatziminaoglou et al. 2010; Mullaney et al. 2011; Bonfield et al. 2011; Hardcastle et al. 2013; Virdee et al. 2013 ). However, a drawback of previous works is that they are fundamentally limited by the strong correlation between redshift and luminosity, i.e., only the most powerful sources are observed at high redshifts and, due to the much smaller volume probed, only the less luminous, more abundant populations are found at lower redshifts. While fundamental questions about the relation between radio-loud and radio-quiet AGN, and how they affect the host galaxy, are in principle soluble with multiwavelength surveys, with already available interesting results, most of them will remain intractable until we have a comprehensive AGN sample in which the influence of cosmological evolution and Malmquist bias have been decoupled from the effects of luminosity, radio-loudness and orientation. The sheer size of the Sloan Digital Sky Survey (SDSS) quasar sample (Schneider et al. 2005) makes it possible to generate a homogeneous sample of quasars covering a large range in luminosity at a single epoch. The redshift range 0.9 < z < 1.1 is ideal for this study because it allows us to probe over two decades in optical luminosity.
In this paper, we present Herschel photometric observation using both Photodetector Array Camera (PACS) at 70 and 160 µm and the Spectral and Photometric Imaging Receiver (SPIRE) at 250, 350 and 500 µm for a z ∼ 1 benchmark sample of 173 AGN. We additionally present the SMA radio interferometer observations at 1300 µm of the RLQs sample in order to investigate the radio-jet synchrotron contamination of the FIR emission. The paper is structured as follows. In Section 2 we describe the sample selection, the Herschel and SMA observations that we carried out, and the steps used for measuring the flux densities in the observed bands. BH and host galaxy properties and analysis are presented in Section 3. Sections 4-6 present our results on the star formation dependence on AGN luminosity, radio jets and orientation, respectively. In Section 7 we list and discuss our conclusions. Throughout the paper we use the cosmological parameters H0 = 70 km s −1 Mpc −1 , ΩM = 0.3 and ΩΛ = 0.7, and we follow the conversion from FIR luminosities of Kennicutt (1998) when deriving SFRs.
DATA
The data presented in this paper consist of Herschel-PACS and SPIRE images of 173 AGN, along with millimetre images taken at 1300 µm with SMA for the RLQs. The sample is split into three sub-samples, all at the single cosmic epoch of 0.9 < z < 1.1: 74 RLQs, 72 RQQs and 27 RGs. This redshift range is convenient because, as shown in Fig. 1 , the SDSS survey allows us to probe over 5 magnitudes in quasar optical luminosity. This sample thus c 2012 RAS, MNRAS 000, 1-32 AGN feedback dependance on galaxy mass and jet power 3 enables us to decouple luminosity generated effects from evolutionary ones, something which has plagued many other flux density limited studies in this area.
This redshift is the minimum at which we have a large enough sample of high luminosity quasars (Mi < −25.0) which can be compared to the bright quasars found at higher redshifts. Observing both unobscured (type-1) AGN, in the form of quasars, and obscured (type-2) AGN, the RGs, allows us to test AGN unification schemes (e.g. Antonucci 1993 ). Details of the selection of the quasars are presented by Falder et al. (2010) while the RG selection is described by Fernandes et al. (2015) . The Herschel photometry is provided in Appendix A (Table A1 ) while a summary of the main properties of the sample objects is given in Appendix A (Table A2 ). In the next section we give a brief description of the sample criteria as they affect this paper.
Sample selection
The quasars were selected by their optical colours in the SDSS Quasar Survey (Schneider et al. 2005) . The sheer size of the SDSS Quasar Survey allowed us to select a large enough initial sample to define matched samples of RLQs and RQQs. The initial quasar sample was then cross referenced with the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) , the VLA FIRST survey (Becker et al. 1995) and the Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997) to pick out the RLQs and RQQs. Regarding the RLQs in the sample, the initial cross-match was done with the WENSS low-frequency survey (325 MHz). Therefore, the RLQs are selected based on optically thin extended emission, which means that the sample selection should be largely orientation independent. The RGs were selected from the low frequency, (178 or 151 MHz; orientation independent) radio samples of the 3CRR (Laing et al. 1983 ), 6CE (Eales 1985) , 7CRS (Willott et al. 1998) and TOOT surveys (Hill & Rawlings 2003) . For the 6C objects the redshifts are taken from Best et al. (1996) , Rawlings et al. (2001) and Inskip et al. (2005) , and for the 6C* and TOOT objects from Jarvis et al. (2001b) and Vardoulaki et al. (2010) , respectively. Combining these surveys, 27 RGs are found in the same 0.9 < z < 1.1 redshift range as our quasars. The smaller RG sample arises from the limit of the known RG population at z ≈ 1 at the time the samples were defined.
RLQs were chosen to have a low frequency WENSS (325 MHz) flux density of greater than 18 mJy, which is the 5σ limit of the survey (see Fig. 2 ). This selection ensures that the vast majority of the RLQs included are characterized by steep radio spectra, avoiding flat radio spectrum quasars and blazars. Additionally, the low frequency radio flux selection allows us to compare the RLQs to the RGs without a severe orientation bias. Falder et al. (2010) presents a classification of the quasar population into radio-loud and radio-quiet based on the definition used by Ivezić et al. (2002) . With the exception of 4 objects all of our RLQs have Ri > 1 where Ri = log 10 (F radio /Fi) and F radio and Fi are flux densities measured at 1.4 GHz and in the i−band respectively, so that the RLQ class we use here maps well onto traditional radio-loud/quiet definitions.
The RQQs were defined as being undetected by the FIRST survey at the 5σ level. FIRST was used for this definition because it provides a more sensitive flux density limit than WENSS. Falder et al. (2010) performed a stacking experiment to reveal the average value of the radio power at 1.4 GHz (e.g. White et al. 2007) for the RQQs in our sample. Using this technique they found an average flux density for the RQQs at 1.4 GHz of 0.10 ± 0.02 mJy (i.e. a 5-σ detection). We extrapolate this estimate to a 325 MHz flux density of 0.30 ± 0.06 mJy assuming a spectral in- Figure 2 . 325-MHz radio luminosity vs. redshift for our sample. RLQs are shown with red circles and RGs with black asterisks. For the RQQs, 5σ upper limits (extrapolated to rest-frame 325 MHz) from the FIRST survey are shown as blue upper limits. The dashed line shows the average 5σ limit of the WENSS survey, converted to a luminosity at z ≈ 1 by assuming α = 0.7. The dotted line shows the average 5σ limit of the FIRST survey, extrapolated to 325 MHz. The RQQs were selected to have a radio luminosity falling below this line. The assumed spectral indices for some conversions explains why some objects fall between the lines on this plot. dex of 0.7. At z = 1 this corresponds to a 325 MHz luminosity, log 10 (L325MHz/W Hz −1 sr −1 ) = 23.82. 74 RLQs and 72 RQQs matched in i−band magnitude and spanning 5 optical magnitudes were chosen for Herschel follow-up observations. The distribution of optical magnitudes as a function of redshift of the selected sources is shown in Fig. 1. Fig. 2 shows the radio luminosity distribution within the selected redshift range for RLQs and RGs. It is clear that, on average, the RGs are more radio-luminous than the RLQs, albeit with a significant overlap. The results of this selection are further discussed in Section 6. For the RQQs we have placed an upper limit on their radio luminosity (see Fig. 2 ). In comparison to these limits, RLQs are at least one order of magnitude more radio-luminous than RQQs. The radio luminosity gap between the RLQs and RQQs (Fig. 2) is due to our selection rather than a real radio power dichotomy, because of the different WENSS and FIRST survey depths from which the RLQs are selected.
Herschel photometry
The data for this work were obtained as part of the Herschel project 'A benchmark study of active galactic nuclei' with 55.1 hours of observations allocated. SPIRE observations for 25 objects in our sample were obtained as part of other public Herschel projects (see Table A1 ). The raw data for these objects were retrieved from the Herschel Science Archive (HSA), and the data reduction was performed as detailed below.
PACS
PACS (Poglitsch et al. 2010 ) photometric observations at 70 µm (5 arcsec angular resolution) and 160 µm (10 arcsec angular resolution) bands were carried out in the scan-map observational mode. A concatenated pair of small map scans of 4 arcmin length, each at two different orientations, was obtained for each source with a total integration time per source of 426-860 secs. The Herschel Interactive Processing Environment (HIPE, Ott 2010, version 9.1.0) was used to perform the data reduction, following the standard procedures for deep field observations. The high-pass filtering method was applied to create the maps allowing us to minimize the pointsource flux loss (Popesso et al. 2012) . A preliminary map was created by combining the scan maps which were processed individually for each scan orientation. Using results from Popesso et al. (2012) , we choose a masking strategy based on circular patches at prior positions. This method avoids significant flux losses while any other kind of flux losses are independent of the PACS flux densities (Popesso et al. 2012) . The final data reduction and mosaicing were then performed using the mask generated in the previous step.
Due to the fact that none of the sources show extended FIR emission and almost ∼ 50 per cent of the total sample is not detected at >3-σ level we do not carry out aperture extraction of the FIR fluxes in order to consider all sources equally, even the ones with non-detections, rather than using their 3σ upper limits. Instead, we directly measure the FIR flux densities from the PSFconvolved images for both bands. We take the flux density to be the value in the image at the pixel closest to the optical position of our targets. We compared the direct flux density measurements to the aperture extraction for the FIR-detected sources and found an insignificant < 5 per cent difference. The photometric uncertainties of each map were estimated from a set of 500 randomly selected positions (e.g. Lutz et al. 2011; Popesso et al. 2012 ). The only requirement was that the measured pixels should have a total integration time at least 0.75 times the integration time of that of the source of interest in order to exclude the noisy map edges (e.g. Leipski et al. 2013) . The 1σ photometric uncertainty of the map is taken to be the 1σ value of the Gaussian fitted to the flux densities measured in these 500 random positions. Measured flux densities are provided in Appendix A (Table A1) .
SPIRE
SPIRE (Griffin et al. 2010 ) photometric observations at 250 (18.2 arcsec angular angular resolution), 350 (24.9 arcsec angular resolution) and 500 µm (36.3 arcsec angular resolution) were carried out in small scan-map observational mode. The total time per source was 487 secs. Similarly to the PACS data, we used the HIPE standard pipeline to reduce SPIRE data. The FIR flux densities in each band were directly measured from the PSF-convolved images at the pixel closest to the optical position of our targets.
As demonstrated from deep extragalactic observations (e.g. Nguyen et al. 2010) , SPIRE maps are dominated by confusion noise at the level of 6-7 mJy beam −1 . The method we have adopted in order to determine the photometric uncertainties in the SPIRE maps is fully described by Elbaz et al. (2011) and Pascale et al. (2011) . We have measured the noise level at the position of each source on the residual map produced by removing all individuallydetected sources above the detection threshold, and then is convolved with the PSF (Elbaz et al. 2011) . On this convolved residual we determined the dispersion of pixel values in a box, around each target, whose size is 8 times the PSF full width at half maximum (the PSF FWHM for the SPIRE passbands is: 18.2 arcsec, 24.9 arcsec, and 36.3 arcsec at 250, 350, and 500 µm, respectively) (e.g Elbaz et al. 2011; Leipski et al. 2013 ). The box size was chosen as a compromise between appropriate sampling of local noise variations, surrounding the target, and avoiding inhomogeneities in the exposure time, such as noisy areas at the edges of the map. SPIRE flux densities and their associated errors are provided in Appendix A (Table A1 ).
SMA photometry

Synchrotron Contamination
Radio-loud quasars are known to have strong non-thermal beamed core components which could possibly enhance the emission all the way through to the thermal-infrared and possibly the optical waveband (e.g. Blandford & Rees 1974) . Archibald et al. (2001) proposed that high-frequency radio observations are needed to measure the contribution from non-thermal emission to the FIR waveband of radio sources. We expect that our RLQ sample should be dominated by steep-radio-spectrum sources as they are selected on optically thin lobe emission by using low frequency WENSS (325 MHz) observations. RGs are expected to have fainter flat-spectrum core components as a result of their larger angle to the direction of the observer. Given the lack of high-frequency radio observations, the best estimate assumes a spectral index based on the available low-frequency (< 1.4 GHz) radio data which could be conservative or a highly uncertain extrapolation to the SPIRE bands.
The SMA sample
For a RLQ to be considered as a candidate for synchrotron contamination at the SPIRE bands, we used the available 1.4 GHz radio observations or the additional data at higher frequencies from the literature as a reference point, and assuming the core spectral shape to be flat, we deem non-thermal contamination to be possible for those objects for which the highest available radio frequency flux falls close to (within the 3σ error) or above the 500 µm flux density. We emphasize that this is a very conservative estimate as other authors (e.g. Archibald et al. 2001; Shi et al. 2005; Cleary et al. 2007 ) fit a parabola, or multiple power-law fits, to the steep-spectrum components in order to take into account possible high-frequency steepening. High-frequency SMA observations at 1300 µm for the RLQ sample allow us to measure the possible contribution of the non-thermal components to the FIR emission accurately, and minimise the high uncertainties (1-2 orders of magnitudes) caused due to the use of different types of extrapolations (steep-spectrum or flat-spectrum components).
We initially used the existing radio data to assess the potential for synchrotron contamination. For each RLQ we have used an upper (flat-spectrum-dominated; red dashed line) and a lower limit (steep-spectrum-dominated; black dashed line; Fig. 3 ). We have found that 24 RLQs have potential contamination only when we assume a flat-spectrum core/jet component ( Fig. 3; left) , and 20 RLQs have potential contamination to their thermal FIR emission from either a steep-spectrum or a flat-spectrum component ( Fig. 3 ; right). For each of these sources, using the 500 µm flux density as a reference and assuming the spectral shape to be flat, we have estimated the minimum flux density at 1300 µm in order to have a significant level of non-thermal contamination ( Fig. 3; upper limit) . For the vast majority of the sources this level is at ∼ 7 − 10 mJy.
The SMA observations
We used the SMA (Ho et al. 2004 ) to observe the 44 RLQ candidates at wavelengths near 1300 µm (frequencies near 230 GHz) to assess the contribution from synchrotron emission to fluxes measured in the FIR bands. The SMA observations were performed in the 2014-2015 summer and winter semesters, typically in snapshots with 20 minutes on source bracketed by 2 minutes on nearby calibrators to determine complex gains. Many of the observations were executed in available short timeslots before or after other scheduled programmes and shared receiver tunings, correlator setups, as well as flux and passband calibrators. The total bandwidth available was 8 GHz, derived from two sidebands spanning ±(4 − 8) GHz from the local oscillator (LO) frequency. For each source, flux densities were measured by fitting a point source model to the visibilities using the task uvfit in the Miriad software package. Each source was also imaged in order to confirm the visibility fit results. Table A3 lists the dates of observation, the characteristic atmospheric opacity during the observations, and the fitted flux densities. Variations in sensitivity are due to both weather conditions and the number of array antennas operating at the time of the observations. Overall, 15 sources were detected at the > 4σ level (a conservative threshold for these snapshot observations). The absolute flux scale has an estimated systematic uncertainty of ∼ 20 per cent.
Using the SMA observations we have classified the 44 sources identified as having possible synchrotron contamination into two categories. In the first category, we have identified 14 sources with significant synchrotron contamination. All of these sources have been rejected from our sample and from further analysis. The vast majority of them (10) were detected at > 4σ with the SMA with some extreme cases reaching even S1300µm ≈ 200 mJy. Some representative examples of the SEDs from this group are presented in Fig. ? ?. In this category the SMA flux densities exceed the linear extrapolation from the lower-frequency radio data for 8 sources (three are upper limits), for three sources they follow the linear prediction, while for the last three sources they indicate the need of a steeper-spectrum radio component at the higher frequencies. However, even in the last two cases, the contamination to the FIR band is significant and therefore these sources have also been excluded from this work.
In the second category we have classified 30 sources without significant synchrotron contamination. For four cases there is a clear SMA detection at >4σ while all the other observations indicate an upper limit. For this group of sources, the SMA data exceed the linear extrapolation in seven cases (all of them are upper limits) while in 18 cases they indicate the need of a steeper-spectrum radio component at the higher frequencies. Examples of the SEDs from this group are also presented in Fig. ? ?.
Overall, we have rejected 17 RLQs from our sample, 14 based on their SMA observations, while three additional sources were classified as flat-spectrum RLQs or blazars based on literature radio observations and rejected ([HB89] 0906+015, SDSS J133749.63+550102.2, SDSS J161603.76+463225.2). As we describe in Section 3.2, there are no particular trends for the sources excluded from our sample and they do not affect the sample matching between RLQs and RQQs.
From our results, it is clear that high-frequency radio observations for similar studies are crucial as the linear extrapolation from lower frequencies works only for ∼ 20 per cent of the sources. Although most of the cases indicate that the steep-spectrum synchrotron component is likely to fall more quickly at higher frequencies, we find that in ∼ 30 per cent of the SMA observed sources 6 Kalfountzou et al. a high-frequency core radio component is required to describe the radio spectrum. This would also agree with recent findings (e.g. Whittam et al. 2013 Whittam et al. , 2015 . We note that almost half of these SMA observations are upper limits. Radio core variability might be responsible for some of these strong high-frequency components (e.g Barvainis et al. 2005) .
THE BLACK HOLE AND HOST GALAXY PROPERTIES
In this section we describe how the key parameters for the analysis of this paper are derived, namely BH and stellar masses, Eddington ratios, bolometric luminosities and FIR luminosities. We further explore the importance of AGN contamination in the form of hot dust around the putative torus at FIR wavelengths comparing their FIR colours against normal galaxies. We finally study the correlation between the radio and FIR emission, examining at the same time whether some of the radio emission could be the result of star formation, rather than AGN activity.
Stellar and black hole mass
Early studies (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998 ) suggest a correlation between galaxy bulge and its BH mass. The ratio of the so-called MBH-M bulge relation (Magorrian et al. 1998 ) was estimated to be approximately 0.6 per cent. In the same context, more recent studies using nearby galaxy samples (e.g. Häring & Rix 2004) find that the median BH mass is 0.14 ± 0.04 per cent of the bulge mass. For the quasars in this sample, the BH masses are computed using the virial estimator and the MgII line at 2800Å using SDSS spectroscopy, a technique described by , and based on work of . As the Hβ line moves out of the optical window, we have to rely on the MgII line for AGNs at z > 0.7 (e.g. Wang et al. 2009 ). BH masses for the quasars are given in Table A2 . We can use the BH mass of the quasars in the sample, along with the MBH-M bulge relation to estimate the stellar mass of the galaxy. Despite the convenience of calibrating and using these virial estimators, one must keep in mind that the estimates of these lines are uncertain, potentially by as much as 0.4 dex (e.g. Shen et al. 2011) , due to the systematics involved in the calibration and usage (e.g. Marconi et al. 2008; Kelly et al. 2009 ). We assume that there is no significant evolution of the MBH-M bulge relation at z ≈ 1 from the local relation and thus use MBH ∼ 0.0014M bulge . Indeed, studies on z 1 RLAGN BH-bulge mass relation have found that the estimated ratio lies within the uncertainties of that found in the local Universe (e.g. McLure et al. 2006) . Although evolution in the MBH-M bulge relation of about 0.2 dex at z ≈ 1 has been claimed in some papers (e.g. Merloni et al. 2010) , that would not significantly add to the uncertainties and would not affect the results of this work, as all of the AGN are selected in a very small redshift range.
For the RGs in our sample, because the broad-line region is obscured, we do not have BH mass estimates as we did for the quasars. For this reason, we use the stellar mass of the galaxy, M gal , determined by the SED fitting of Fernandes et al. (2015) for the same radio galaxy sample as used in this work. Fernandes et al. (2015) used the same BH-bulge mass relation (Häring & Rix 2004) in order to calculate the BH mass of the radio galaxy sample. The implied MBH are given in Table A2 . The radio galaxies in our sample have BH masses in the range 10 7.5 − 10 9.4 M⊙ (corresponding to M gal = 10 10.3 − 10 12.0 M⊙) while the quasars have 10 7.2 −10 9.7 M⊙ (corresponding to M gal = 10 10.1 −10 12.4 M⊙). These are consistent with the range of values found in the literature for similar objects (e.g. McLure et al. 2006; Seymour et al. 2007; Salviander et al. 2007) .
To test whether the BH and stellar mass distributions differ between the three populations we conducted a Kolmogorov-Smirnov (K-S) test for each pair. The test suggested that the BH masses for the RLQs and RQQs samples are not significantly different. The K-S test gives a result that corresponds to a probability, p = 0.90 under the null hypothesis (i.e. they are statistically indistinguishable). The mean BH masses are log 10 (MBH/M⊙) = 8.87 ± 0.06 for the RLQs and log 10 (MBH/M⊙) = 8.81 ± 0.06 for the RQQs so the means of the two samples are consistent and well within 1-σ of each other.
In contrast, the RG sample could not be selected to match the quasar sample in absolute optical magnitude. The RGs have nominally lower mean BH masses log 10 (MBH/M⊙) = 8.53 ± 0.08; a K-S test comparing to the quasar sample returns 0.01 probability . Distributions of BH mass, M BH , bolometric luminosity, L bol and Eddington ratio, λ Edd , for RLQs (red filled), RQQs (blue filled) and radio galaxies (black line). The total RLQ population, including the sources with significant synchrotron contamination is also presented with dashed red lines. In the last panel, the Eddington ratio distribution obtained with both methods of calculating for radio galaxies is presented (dotted black line considering only the accretion energy and solid black line including also the jet mechanical energy). Note the significant increase of the total accretion energy.
under the null hypothesis, a marginally significant result. Selection effects might also contribute to the observed differences (e.g. RGs are selected from radio surveys without a pre-requisite to be optically bright). We further discuss these effects in Section 6. The distribution of BH masses is shown for all samples in Fig. 4 .
Accretion rate
In order to make an estimate of the AGN power for the radio galaxies an estimate of the bolometric radiative power of the AGN, L bol , is required. For the radio galaxy sample, we adopted the values of L bol calculated by Fernandes et al. (2015) from the rest-frame 12µm luminosity, using a bolometric correction of 8.5 (e.g. Richards et al. 2006) , L bol = 8.5λL12µm. The bolometric luminosity for the quasar sample has been computed from the 3000Å luminosity (L3000) using the SDSS spectral fits and a bolometric correction of 5.15 from the composite SED in Richards et al. (2006) , L bol = 5.15λL3000 . Fernandes et al. (2011) have computed the bolometric luminosity for the quasar sample based on the rest-frame 12µm luminosity, following the same method as the one applied for the radio galaxies. Their results suggest no systematics related to methodology or calibration when optical photometry is used for bolometric luminosity estimates.
The bolometric luminosity is proportional to the accretion rate of the BH,Ṁ , and to the fraction of accreted mass that is radiated, i.e. the radiative efficiency, ǫ, through the expression:
Assuming that ǫ takes the fiducial value of 0.1 (e.g. Marconi et al. 2004; Shankar et al. 2004; Martínez-Sansigre & Taylor 2009 ), we determine the accretion rate of our sources using their estimated bolometric luminosity. With both the BH mass and the accretion rate, we can estimate the Eddington ratio of the sources in our sample. The Eddington luminosity, L Edd , corresponds to a maximum accretion rate which a black hole can reach, without preventing further accretion onto it. This energy is a function of the black hole mass of the system and is given by L Edd = 1.3 × 10 31 (
Although for SMBHs accreting at a high fraction the Eddington ratio can be defined as in equation 2, for radio galaxies, especially those with SMBHs accreting at very low rates (e.g. lowexcitation galaxies; LEGs), the contribution of the jet mechanical energy in the output of the accretion energy should be considered for the definition of the Eddington ratio. In this case, the total energy from the black hole accretion should equal the sum of the radiative luminosity and the jet mechanical luminosity (e.g. Hardcastle et al. 2007; Best & Heckman 2012) . Including the contribution of the jet power, Qjet, the Eddington ratio is given by
where λ rad+mec is the Eddington ratio accounting for both the radiative energy and the jet mechanical energy. We estimate the jet power using the relation (Willott et al. 1999) , where 1 f 20 represents the combination of several uncertainty terms when estimating Qjet from L151MHz. Following Fernandes et al. (2015) , we chose f = 10 as this is the expectation value of a flat prior in natural space. We note that the Qjet contributes significantly to the total power only in the radio galaxies of our sample, which is derived from the L12µm, and not in the RLQs (< 10 per cent). The use of any derived radio-luminosity -jet-power relation should be treated with caution, especially for the derivation of the kinematic luminosity function, as they may depend sensitively on selection effects (e.g. Shabala & Godfrey 2013) .
The distribution of bolometric luminosity and Eddington ratio are shown for all samples in Fig. 4 . The solid black line is for
The Eddington ratio for radio galaxies is significantly higher in the first case, where λ = (L bol + Qjet)/L Edd , and this trend is dominated by high-excitation galaxies (HEGs; see Fernandes et al. 2015 ; Fig. 7 ). The red shaded histograms in Fig. 4 represent the RLQ sample after excluding the synchrotron contaminated sources. The total RLQ population is also overplotted (red dashed lines) to stress that no selection biases are introduced in our sample after removing synchrotron contaminated RLQs. No particular trends are observed in any of the distributions between the RLQs and the RQQs as a result of the original matching in absolute optical magnitude and colours.
FIR emission in RLQs, RQQs and RGs
For each of the quasars in our sample we derive the FIR flux densities in the two PACS and the three SPIRE bands directly from the PSF-convolved images measuring the value at the image pixel closest to the optical position of our targets. The errors are estimated as described in Sections 2.2.1 and 2.2.2. We find that about 33 per cent (43/149) of the QSOs and 8 per cent (2/27) of the RGs in our sample have robust PACS and SPIRE detections. These detection rates are translated to ULIRG-like star formation luminosities suggesting SFRs of hundreds of solar masses per year.
We have separated the RLQ and RQQ samples in bolometric luminosity, BH mass and Eddington ratio bins to examine whether the fluxes vary. Within each bin we stack PACS and SPIRE residual maps at the optical position of the AGN from which we derive the mean flux densiy in all FIR bands. We then average the stacked fluxes with the fluxes of the detected (> 3σ significance level) sources, weighting by the number of sources (e.g. Elbaz et al. 2011; Santini et al. 2012; Rosario et al. 2013) . The estimates for each band and bin are shown in Fig. 5 . Errors have been estimated by applying the bootstrap technique using randomly selected galaxies from within each bin. The advantage of bootstrapping is that no assumption is made on the shape of the flux distribution. Radio galaxies have significantly lower mean flux densities compared to RLQs and RQQs with a K-S test probability of p < 0.05. The only exception is the 500 µm band which might indicate some contribution from synchrotron contamination, or confusion bias, or a combination of them in the case of RGs. This contamination may extend to even lower wavelength bands (e.g. 350 µm and 250 µm). Regarding the total quasar sample, the mean flux density appears to increase at high MBH, L Bol and λ Edd . Comparing the RLQs to the RQQs we see that at low MBH, L Bol and λ Edd RLQs have higher flux densities in all SPIRE bands and all bins, these differences seem to become more significant at the high MBH, L Bol and λ Edd . As no obvious differences are found for the RLQs and RQQs between bolometric luminosity, BH mass and Eddington ratio bins, we give in Table 1 the mean flux estimations from each band and population only for high and low bolometric luminosity bins. We used a black-body modified by frequency-dependent emissivity component (see Section 3.5) to convert the the mean FIR fluxes from our stacked images to mean integated 8-1000µm far-infrared luminosities for different bolometric luminosity bins. The results are presented in Teble B1.
The stacking method assumes implicitly that the sources in the map are not clustered. It has been shown that this might not be the case for wide PSF (e.g. Béthermin et al. 2010; Penner et al. 2011 ) with various stacking methods taking this into account also for Herschel beams (e.g. Magnelli et al. 2014 ). However, with the Spitzer and Herschel beams, it has been shown that the effects of clustering on the stacking are not important ( , found on average a small overdensity of Herschel detected star-forming galaxies for the same sample of sources. Once these sources are accounted for, consist of ∼ 0.4 star-forming galaxies in every AGN field. This overdensity appears to be relatively uniform for both RLQs and RQQs and extends out to the Mpc-scale.
How do these results fit with our previous work? For purposes of comparison we have overplotted in Fig. 5 the mean flux densities obtained by Kalfountzou et al. (2014b) , hereafter K14b, (dashed lines) for low and high optical luminosity RLQs (red circles) and RQQs (blue squares). We note two main differences between our current results and those of K14b. Although in the low bolometric luminosity sample of K14b the mean redshift is z ≈ 0.9, so that we do not expect the evolution effects to significantly change the mean properties, almost all the quasars with high bolometric luminosities have z > 1.0 up to z ≈ 3. Therefore, we have converted the mean fluxes of the K14b to the z ≈ 1 rest-frame. A ratio method was applied in order to derive the k-corrections between the FIR flux densities of a Mrk 231 greybody template (T = 44.75 K, β = 1.55, constraining 32 data points so to exclude a contribution from AGNheated dust emission) placed at the redshift of the QSO and the FIR flux density of the QSO. The new flux densities were stacked as described above. Additionally, due to the much larger sample of RQQs in K14b (> 10 times larger than this work) the uncertainties of this sub-class are expected to be higher in the present paper. Fig. 5 suggests that at low bolometric luminosities, our results are in excellent agreement, at least for the SPIRE bands. The disagreement between our PACS flux densities and those used by K14b is not unexpected since H-ATLAS PACS observations are about 5 times less sensitive than our observations (Ibar et al. 2010 ). Despite the similar trends, the differences between the RLQ and RQQ populations were more significant in K14b due to the smaller uncertainties for the RQQs. On the other hand, for the high bolometric luminosity bin, both H-ATLAS/SDSS RLQs and RQQs show significantly higher flux densities than the sample in this work, especially at 350 µm, with a characteristic shift of the the mean peak to the 350 µm band, indicating colder dust temperatures. These differences provide evidence for the evolution of the FIR emission between z ≈ 2.0 and z ≈ 1.0 high bolometric luminosity quasars. That would be expected if QSOs' host galaxies are evolving with cosmic time in the same way as the general galaxy population (e.g. Madau & Dickinson 2014) .
The FIR colours of RLQs, RQQs and RGs
We now investigate the FIR colours of our sample of AGN. A straightforward approach towards exploring the effect of AGN light on FIR emission is to compare the FIR colours of AGNs against a control sample consisting of galaxies not hosting AGNs. AGN radiation field can heat the dust resulting in systematically warmer temperatures and causing the SED to flatten out at long IR wavelengths which, in turn, leads to bluer FIR colour in galaxies with a significant AGN contamination in the FIR.
In Fig. 6 , we compare the FIR colours of the detected AGN sub-sample and the stacked values of the total sub-samples (large symbols) to the FIR colours of 10 6 randomly generated modified black-body, single dust temperature T d spectra models, with a frequency dependence of ǫν ∝ ν β . In generating these models, we follow the method of Amblard et al. (2010) considering uniformly distributed dust temperatures from 10 to 60 K, emissivity parameter 0 < β < 2 and redshift range similar to our sample (0.9 < z < 1.1). In order to consider for flux uncertainties in the colour-colour diagram, we have broadened the SED tracks by S (mJy) Figure 5 . The PACS and SPIRE mean flux densities for RLQS (red filled circles), RQQs (blue filled squares) and RGs (black stars) as a function of BH mass (top panel), bolometric luminosity (middle panel) and Eddington ratio (bottom panel). For low BH mass and bolometric luminosity bins we also present the mean flux density of the total RG population (dashed black line) in order to indicate the contribution of the only four sources found at high bins. We compare our measurements to Kalfountzou et al. (2014b) RLQs (red open circles) and RQQs (blue open squares) with similar bolometric luminosities but different redshift in the middle panels. Table 1 of Kalfountzou et al. (2014b) provides the mean flux densities over their total RLQ sample. Here, for comparison reasons, we present their mean flux densities after removing the RLQs with potential synchrotron contamination. adding an extra Gaussian standard deviation of 10 per cent to the model fluxes. Thus, the choice of emissivity parameter would make just a minor difference. As shown in Fig. 6 (top), we find that in the SPIRE-only colour diagram the colours of the sources are well within the limits defined by the randomly generated model. This is the case for all AGN subclasses of our sample and also for the individually SPIRE-detected AGN and the mean values. We find no significant dependence of SPIRE colours on any of the AGN associated parameters (e.g. BH mass, bolometric luminosity, Eddington ratio) for each of the AGN sub-classes, so we only present the mean colour-colour values for the total RLQ, RQQs and RG populations. This result, along with the similarity between the AGN SPIRE colours and the model, indicates that SPIRE bands are not significantly affected by emission from the torus (or hot dust surrounding the AGN). Although both quasars' and radio galaxies' mean colours lie inside the model tracks, the mean colour of the RGs is shifted from that of the bulk of the model galaxies and the quasars, indicating that it is possible that RGs are associated with redder colours, and therefore cooler dust, or be affected by synchrotron contamination. Similarly, Fig. 6 (middle) shows that the 160-µm band does not suffer from torus emission contamination, as the quasars' and RGs' S160/S250 colours are similar to those of the models. We find that a few individually detected sources lie outside the model set of tracks. However, these outlier sources might be caused by the fractionally larger flux errors of the PACS band, or some of them (mainly RQQs; see blue outliers top panel) are associated with very strong 350-µm emission suggesting colder dust temperatures than the mean QSO population. By and large, most AGNs can safely be assumed to be dominated by cool dust emission in the SPIRE and 160 µm FIR bands. As in the top panel, the mean S250/S350 for the RGs indicates colder dust temperatures. Again, we find no significant dependence of S160/S250 on any of the AGN associated parameters.
In contrast, when we examine the PACS 70 µm colour, we find that most of the individually FIR detected AGN and the stacked mean colours lie outside th limits defined by our model, suggesting that the PACS 70-µm band may be significantly contaminated by AGN emission. In the Fig. 6 (bottom) the S160/S70 -S250/S160 colour-colour diagram for SPIRE 250 µm and PACS bands of our sample are shown. Although the fractionally larger PACS flux errors could explain some of these outliers, it is possible that some of these sources require a second, warmer dust component (e.g. Dunne & Eales 2001) . For the low and high bolometric luminosity sub-samples there is a clear separation, despite the large error bars, in the S160/S70 colours. This difference seems to arise from the AGN contamination at 70 µm (∼ 35 µm at the rest-frame). Indeed, at the redshifts of our sample, the PACS 70 µm contains the longer wavelengths of the torus emission (e.g. Mullaney et al. 2010; Xue et al. 2010) . If this is the case, then the strong correlation between the 70-µm emission and AGN emission found for powerful AGN (e.g. Dicken et al. 2009 ) could be explained by the heavy torus contamination. For this reason, the 70-µm emission is not used for the FIR luminosity calculation (see Section 3.5). On the other hand, the S250/S160 ratio seems to be unaffected by the AGN emission, indicating that 160-µm emission is largely generated by cold dust, heated by star formation.
SED fitting
As discussed in the previous section, we expect that the rest-frame FIR emission (160-500 µm) is mainly generated by cold dust heated by star formation in the AGN host galaxy. Therefore, we interpret the FIR emission as being powered by star formation (e.g. Rowan-Robinson 1995; Schweitzer et al. 2006; Netzer et al. 2007 ), and we represent it with a black-body modified by frequencydependent emissivity component (Hildebrand 1983) , given by
where Bν is the Planck function, T is the effective dust temperature and β is the dust emissivity index. Since T and β are degenerate for sparsely sampled SEDs, we reduced the numbers of free parameters by fixing the dust emissivity. Using a range 1.4 < β < 2.2 (see e.g. Dye et al. 2010; Hardcastle et al. 2010; Smith et al. 2013) we find that the best-fitting model returns lower χ 2 values for a fixed β = 1.6 dust emissivity for all AGN populations in the sample. The selection of β = 1.6 is consistent with the work of Dye et al. (2010) . The remaining two free parameters are the cold dust temperature, which we have varied over the range 10 < T (K) < 60 and the flux normalization of the modified black-body component.
For each source we estimated the integrated FIR luminosity (8 − 1000 µm) using a modified black-body fitting with the best 
, assuming β = 1.6, for dust masses of 10 7 , 10 8 and 10 9 M ⊙ . fit temperature. The dust temperature was obtained from the best fit model derived from minimization of the χ 2 values. The uncertainty in the measurement was obtained by mapping the ∆χ 2 error ellipse, allowing the individual photometric measurements to vary within their 1σ ranges of uncertainty. In addition to the integrated FIR luminosity we calculate the mass of the FIR emitting dust component using
where S250 is the 250 µm observed flux, DL is the luminosity distance, κ is the dust mass absorption coefficient, which Dunne et al. (2011) take to be 0.89 m 2 kg −1 and B(ν, T ) is the Planck function.
In the case of RGs and RLQs, we also extend the modified black-body model to the radio bands with either a power-law slope Sν ∝ ν −α , with α estimated from 325 MHz and 1.4 GHz radio observations or, a broken power-law for the RLQs with available SMA observations at 1300 µm. In the second case, the broken point is fixed at the 1.4 GHz. Examples of the SED fits are presented in Fig. ? ?.
As the majority of the sources are undetected at the 3σ limit in all Herschel bands, in addition to probing the properties of the individually FIR-detected objects, we carry out two different stacking approaches for the estimation of the FIR luminosities. In the first approach, we follow the method of Hardcastle et al. (2010 Hardcastle et al. ( , 2013 regarding the consideration of the undetected sources (< 3σ) in our sample. We determine the luminosity of each source from the Herschel flux densities (excluding 70 µm), even if negative, on the grounds that this is the maximum-likelihood estimator of the true luminosity, withouth making any assumption for their distribution in contrast to Hardcastle et al. (2010) . We then take the weighted mean of the parameter we are interested in within each bin. For the mean calculation, the luminosity is weighted using the errors calculated from ∆χ 2 = 2.3 and the errors on the stacked parameters are determined using the bootstrap method. We use the same bins across the AGN sub-classes in order to facilitate comparisons. In the second approach, we consider the FIR upper limits of each source as tentative detections, and estimate upper limits for the LFIR using the procedure adopted for the objects detected in Herschel bands. The motivation for the second approach is the comparison of our results with recent works that follow similar statistical analysis (e.g. Drouart et al. 2014; Podigachoski et al. 2015) . The mean far-infrared luminosities for both stacking and statistical methods are given in Appendix B. We found that our main results are consistent with the results we obtain when using the direct stacking analysis (Section 3.3). As also found in Kalfountzou et al. (2014b) , we found small but insignificant differences between the two methods, so for convenience we present here only the results of the weighted first approach. For the estimation of the mean FIR luminosity we again use two approaches. The first one is a weighted mean, each FIR luminosity is using the errors calculated from the ∆χ 2 = 2.3 of the fitting. The second one is a simple median. Both are in a good agreement as we present in the following plots. Fig. 7 shows the FIR luminosity and dust temperature (
, assuming β = 1.6, for the FIR-detected AGN of our sample (similar cuts to Fig. 6 top) and the weighted mean values for the total sample and for each sub-class. The sources have been additionally divided into bolometric luminosity bins as specified in Table 1 . Both types of quasars show high FIR luminosity with most of the detected sources and the weighted mean values having LFIR > 10 12 L⊙, characterizing them as ultra-luminous infrared galaxies (ULIRGs). The weighted mean FIR luminosity of the RGs is significantly lower, even compared to the low bolometric luminosity quasars. Similar differences are also found for low BH mass and Eddington ratio bins. Comparing the FIR luminosity of the RLQs and RQQs it is notable that RLQs have higher weighted mean FIR luminosity than RQQs in both bolometric luminosity bins at > 1σ level with a significance of p = 0.014. Similar trends are also found for BH masses and Eddington ratio.
As already indicated from the colour-colour plots, RGs show lower dust temperatures than both RLQs and RQQs (by about 5K) at a significance level of p = 0.036 and p < 0.001, respectively, under a K-S test. For all AGN subclasses and bins, the weighted mean values follow the 10 8 M⊙ dust mass curve, with the exception of high bolometric luminosity RQQs which have slightly lower weighted mean dust mass (and higher dust temperature). Most of the FIR-detected RLQs lie between the 10 8−9 M⊙ dust mass curves. This mass range is comparable to that obtained for submillimetre galaxies (e.g. Santini et al. 2010) at similar redshifts to our sample.
FIR-radio correlation
In this section we determine whether some of the radio emission could be the result of star formation, rather than AGN activity, by comparing the observed radio flux with that predicted from the FIR/radio correlation. As the high detection rates and the weighted mean FIR flux densities in the RLQ sample indicate, almost 50 per cent of the population is expected to have high star formation ac-tivity. High star formation activity, at the level of LFIR > 10 11 L⊙, could result in radio emission up to 10 24 W Hz −1 at 1.4 GHz, which is the detection level of our RLQs. We additionally investigate whether radio excess (i.e. radio emission associated with radio jets) correlates with star formation as one would expect assuming a jet-induced star formation (positive feedback) model.
We calculate the ratio between the IR and radio emission (q) using the definition given by Helou et al. (1985) q = log[fFIR/(3.75 × 10 12 Hz)] − log[Sν(1.4 GHz)]
where fFIR is in units of W m −2 , determined from the Herschel photometry and Sν (1.4 GHz) is rest-frame 1.4 GHz radio flux density in units of W m −2 Hz −1 . We extrapolate the above relation to 325 MHz using the power-law slope Sν ∝ ν −α , with α = 0.7, typical for star-forming galaxies (e.g. Ibar et al. 2009 Ibar et al. , 2010 Condon et al. 2013) .
In Fig. 8 we show the FIR and the radio 325-MHz luminosities for all of the RQQs (blue upper limits), RLQs (red circles and upper limits for FIR-undetected sources) and RGs (black point stars and upper limits for FIR-undetected sources) in our sample. The diagonal lines represent the mean q = 2.2 value typically obtained for star-forming/starburst galaxies (e.g. Helou et al. 1985) and also typical radio-quiet AGN (e.g. Padovani et al. 2011; Sargent et al. 2010 ) and the mean q = −0.38 for a sample of radioloud AGN from Evans et al. (2005) . For the separation between 'radio-normal' and radio-excess sources we have picked the mean q = 1.2 value that perfectly separates the RLQs and RQQs in our sample. We note that this is a conservative value compared to previous works (e.g. q = 1.68; Del Moro et al. 2013 , qmax = 1.5; Hardcastle et al. 2010 , qmax = 1.1; Jarvis et al. 2010) indicating that above this limit we are predominantly detecting genuine radioloud AGN.
The average upper limit q for the RQQs lies near to the 'radionormal' diagonal line, taking into account that all the RQQs radio luminosities shown are the 5σ limits. All but one of the RGs in our sample is found above the RLAGN q = −0.38 diagonal line (orange dotted line) while about 70 percent of the RLQs lie in a region between those occupied by RGs and RQQs. This is consistent with the selection of the RG and RLQ samples. It is clear that the level of radio emission from star formation is insignificant for both RLQs and RGs. All radio-sources are found above the q = −1.68 diagonal line suggesting that the radio emission associated with star formation may contribute by a maximum of 10 per cent for the least radio-luminous RLQs.
For each region in Fig. 8 , we have estimated the weighted mean FIR luminosity, represented by the large filled stars; orange for the sources in the RLAGN region, purple for the sources in the radio-excess region and black for the radio normal region. As expected based on Fig. 7 the objects in the radio-excess region, which consists only of RLQs, show a higher FIR luminosity. In contrast, the weighted mean FIR luminosity at the RLAGN region is lower than that in both the 'radio-normal' and radio-excess regions. Although the RLQs in this region are associated with higher FIR luminosities compared to the RGs, and have about a 50 per cent detection rate, their individually measured FIR luminosities do not exceed the weighted mean FIR luminosity of the radio excess region. Weighted mean values of the total radio population, including both RGs and RLQs, show an anti-correlation between FIR and radio luminosity. Sources with higher radio luminosity show weaker star formation. We can investigate the apparent anticorrelation further considering the individual sources, although the numerous upper limits might affect the the establishment of such a correlation. In order to consider also the sources with FIR upper limits, we use Kendall's Tau statistical test. For this, the IRAF statistics package, which implements the Astronomical Survival Analysis programs (see Feigelson & Nelson 1985; Lavalley et al. 1992) , was used. This test examines the null hypothesis that no correlation is present between the two variables being tested. For the total radio sample the generalized Kendall's correlation coefficient is τ = −0.13 with a null hypothesis probability of p = 0.12, implying no significant correlation. The same trend is observed even if we use, instead, a more outlier-resistant averaging such as the median (open stars). These results are not affected by the exclusion of the 17 RLQs with strong synchrotron contamination, as it is clear that they follow similar trends with the general RLQs population (see dashed red upper limits in Fig. 8 ). In addition the mean radio luminosity of the rejected RLQs is 10 26.10±0.47 W Hz −1 sr −1 , very similar to the included RLQs population (10 25.84±0.41 W Hz −1 sr −1 ). Thus, we do not expect that the rejected sample would affect differently the two regions separated by the Evans et al. (2005) line. Although the upper limit FIR luminosity estimation for the excluded RLQs would be insufficient to draw firm conclusion, especially on account of the strong blazar variability, we could follow a different approach in order to insure that we do not introduce any selection biases rejecting these sources. Assuming that the dust temperature distribution of the excluded sample should be similar to the c 2012 RAS, MNRAS 000, 1-32 included RLQs, we use the 250µm flux density, which should be the least contaminated from the synchrotron emission, as a proxy of the FIR luminosity. We found that both the included and the excluded RLQs have very similar median 250µm flux densities, 20.06 ± 4.14 mJy and 18.46 ± 9.12 mJy, respectively. If we also consider the excluded RLQs sample for the estimation of the median 250µm flux densities at the 'RGs+RLQs' and 'RLQs' regions the radio-luminous sources above the Evans et al. (2005) line show significantly lower median 250 µm flux densities, 10.55±1.90 mJy and 19.53 ± 6.51 mJy, respectively.
To check for the robustness of the differences in the mean FIR luminosity values between the different classes, we carried out the non-parametric Mann-Whitney U test (hereafter referred to as the M-W U test). The M-W U test allows the comparison of two groups without the underlying distribution of the data being necessarily normal. The FIR luminosities of the two groups are significantly different at a > 98.5 per cent confidence level. In order to account for the upper limits in our sample, we also use statistical methods that are often generalizations of these classical non-parametric test. We use the astronomical survival analysis package (ASURV; Feigelson & Nelson 1985) . Using three different tests, the Gehans Generalized Wilcoxon test; the log-rank test; and the Peto and Peto Generalized Wilcoxon test, the difference in the RLs and RLQs distributions of the FIR luminosity is confirmed at > 98.9, > 99.3, and > 98.9 per cent confidence level, respectively.
The fact that high radio luminosity RGs and RLQs (see orange star; Fig. 8 ), are associated with lower FIR luminosity compared to lower radio luminosity RLQs (purple star; Fig. 8 ) may indicate two possible physical scenarios. In the first scenario, we can assume that there is a radio-jet power limit above which radio jets suppress the star formation in the host galaxy. That would be consistent with the negative radio-jet feedback scenario (e.g. Croton et al. 2006 ). In contrast, lower power radio-jets might enhance the star formation (positive feedback) and that would explain the FIR excess between RQQs and RLQs with intermediate radio luminosity, the ones found in the radio-excess region. However, we should expect that these processes are controlled by the gas availability (i.e. galaxy mass). Indeed, RLQs with similar radio luminosities to the RGs have higher FIR luminosities and higher black hole masses. Therefore, we expect that they are hosted by galaxies with larger masses, assuming that the Maggorian relation holds. Although this interpretation could explain the observed differences, the effects of the radio jets cannot be so straightforwardly understood unless we control for galaxy mass. We discuss this scenario further in Section 6. Another important parameter is the environment of these sources, which can lead to a second possible scenario. Taking into consideration that the RGs have been selected from radio surveys whereas the RLQs are optically selected, we might have picked the two populations in either different evolutionary stages or different environments (see the discussion in Section 6). This fact could drive the apparent lower FIR luminosity when we consider both RGs and RLQs.
THE STAR FORMATION DEPENDENCE ON AGN ACTIVITY
Using measurements of FIR luminosity, we will now study the relationship between FIR emission and SMBH accretion. In Fig. 9 , the FIR luminosity is plotted against bolometric luminosity L bol with symbols representing both FIR luminosities for individually FIR-detected sources (small symbols) and weighted mean (large open symbols) and median (small open symbols with dashed error bars) values. The L bol is the mean value for the objects in each bin with their associated 1σ error bars. Different colours are used to represent the different AGN classes. A crucial point of our results is that about 30 per cent of our QSOs are FIR-detected, indicating high FIR luminosities at the level of LFIR 10 12 L⊙. The high FIR emission suggests that starburst activity in 30 per cent of our QSOs has not been quenched yet. These results argue for a scenario in which powerful quasars, on average, have not yet suppressed the star formation in the host galaxy (see e.g. Harrison et al. 2012; Rosario et al. 2013; Stanley et al. 2015 but also e.g. Page et al. 2012) .
To search for possible trends between bolometric and FIR luminosity we performed a correlation analysis on each of the subsamples. In order to take account of the sources with FIR upper limits, we use the Kendall's Tau statistical test as described in Section 3.6. This test examines the null hypothesis that no correlation is present between the two variables being tested. The correlation analysis returns τ = 0.34 (p = 0.02), τ = 0.28 (p = 0.02) and τ = 0.15 (p = 0.32) for RLQs, RQQs and RGs, respectively, suggesting a moderately significant correlation over more than 2 orders of magnitude in L bol for both RLQs and RQQs. For RGs no significant correlation is observed over 2 orders of magnitude.
A correlation between AGN luminosity and host galaxy star formation rate has been reported by several studies of high redshift AGNs and QSOs (e.g Lutz et al. 2008; Shao et al. 2010; Rosario et al. 2012; Rovilos et al. 2012 ). Netzer et al. (2007) found for luminous PG QSOs that this relationship has a slope of α ≈ 0.8 (see black dotted line in Fig. 9 ). Consistent slopes have also been suggested by other authors for mm-bright QSOs at z ∼ 2 (e.g. Lutz et al. 2008 ) and X-ray AGN (e.g. Rosario et al. 2012 ) at least for high AGN luminosities. We note that Rosario et al. (2012) suggested a flatter or even zero slope at low AGN luminosities (LAGN < 10 44 erg s −1 ). As these works have selected their AGN samples without any use of radio information, we expect that they are dominated by radio-quiet AGN. Radio-loud AGN are expected to make up to 10 per cent of uniformly selected AGN samples, so they should not significantly affect the estimation of these works.
The RQQs of our sample are very similar to that of Netzer et al. (2007) , with a good overlap on AGN luminosity up to LAGN ∼ 10 46.5 erg s −1 , while our sample extends to about an order of magnitude higher in AGN luminosity. The correlation between the FIR and AGN luminosity based on the Netzer et al. (2007) QSO sample is presented in Fig. 9 . One important difference is the redshift range of the two samples, with the QSOs of Netzer et al. (2007) having z < 0.3. Notwithstanding this difference, the selection of our sample in a narrow redshift range decouples the evolution effect and makes it perfect for comparison to either lower or higher redshift samples. One can immediately notice from Fig. 9 that the LAGN-LFIR correlation is much weaker and flatter than the one proposed by Netzer et al. (2007) . The correlation slope for the RQQs of this work is found to be α ≈ 0.26 ± 0.06. Specifically, the lower LAGN sources in our sample show a weighted mean LFIR of one order of magnitude higher than that implied by the correlation of Netzer et al. (2007) while at higher LAGN they are in better agreement. Such an increase of the FIR luminosity at a fixed AGN luminosity bin with redshift has been suggested by other authors (Rosario et al. 2012 ; about 0.7 dex from z ∼ 0.3 to z ∼ 1 AGN) and it would explain the FIR luminosity difference between our sample and that of Netzer et al. (2007) in fixed LAGN bins. On the other hand, QSO selection at lower redshifts (e.g. z < 0.3), where the star formation density in the uni- verse is very low, might be affected by Malmquist bias. A similar trend for shallower slope (α = 0.58 ± 0.18) at similar LAGN and redshift but for X-ray AGN was suggested by Rosario et al. (2012) although the quality of the fit is rather poor. Even in this case, our data suggest a much shallower slope (α ≈ 0.26 ± 0.06) for the RQQs. Note that even if we include the RLQs the estimated slope can reach a maximum of ∼ 0.32. Selection effects that arise from flux limited surveys could influence the observed AGN -FIR luminosity slope (e.g. Shen et al. 2008; Schulze & Wisotzki 2010; Steinhardt & Elvis 2010) as the black hole mass is correlated with the stellar mass and this, in turn, with the SFR. The lower luminosity QSOs in our sample contain more systems with lower black hole masses, and thus lower stellar masses which might explain the lower FIR luminosity.
Luminous, high-redshift quasars typically yield lifetimes for luminous accretion of ∼ 10 6 − 10 7 years (e.g. Hopkins et al. 2005; Gonçalves et al. 2008; Shankar 2010) . On the other hand, galacticscale star formation has a dynamical time of around 10 8 yr. In addition, as FIR emission arises mostly from dust that can be heated by both young and old stars, it can average over timescales of tens to hundreds of Myr, especially in galaxies with star formation at a relatively steady rate over their lifetime. Thus, the weak observed correlation between star formation and BH accretion might be attributed to the timescale difference between the AGN accretion efficiency and star formation variability (e.g. Mullaney et al. 2012b; Chen et al. 2013; Hickox et al. 2014) .
From a theoretical point of view, Hickox et al. (2014) suggested a simple model in which accretion and star formation are perfectly connected, but this connection is 'hidden' by shorttimescale AGN variability over a large dynamic range (see Fig. 9 green solid line). Despite the fact that the model goes through our data points for the individual QSOs, the mean measurements are systematically off-set. Although the model of Hickox et al. (2014) describes well the lack of a strong correlation between LFIR and LAGN for moderate-luminosity AGN and the shift to higher LFIR with redshift as suggested by observational results, it suggests a strong correlation between LFIR and LAGN at high luminosities, in contrast to our results. However, the apparent disagreement could arise from limitations in the simplistic AGN variability model (for a discussion see Hickox et al. 2014) or from the fact that our sample contains exclusively powerful QSOs with high accretion rates. An alternative model, suggested by Aird et al. (2013) , assumes that the probability of a galaxy hosting an AGN is determined by a universal specific accretion rate distribution that is independent of host stellar mass or star formation properties. This model would be consistent with the observed weak AGN/star-formation correlation of this work even in the most luminous QSOs.
In Fig. 10 we present the average FIR luminosity of each AGN population, as a function of M gal . We have to note that the galaxy masses are not actual stellar mass measurements for our QSOs but they have been estimated based on the black hole measurements assuming a Magorrian relation. This fact may introduce high uncertainties. As expected under the assumption of a hidden QSO star-formation correlation due to the different timescales of the two phases, we find no correlation for any AGN sub-class between FIR luminosity and stellar mass, in contrast to the result of Mullaney et al. (2012b) . The most luminous AGN, like the ones in our sample, are generally missed from small field surveys. However, at redshift 0.9 < z < 1.1 they make up to 10 per cent (e.g. Aird et al. 2010 ) of the total AGN population (LX > 10 42 erg s −1 ). Despite their large FIR excess, an order of magnitude in FIR luminosity, their rarity means that they might not significantly change the results found by Mullaney et al. (2012b) .
Comparing the average SFRs of this sample to the observed relationship between SFR and stellar mass of normal star forming galaxies, which is known as the "main sequence" (e.g. Elbaz et al. 2007 Elbaz et al. , 2011 Schreiber et al. 2015; Johnston et al. 2015) we can examine whether QSOs have SFRs that are consistent with being selected from the overall star forming galaxy population. To make this comparison we use the Schreiber et al. (2015) definition of the 'main sequence' at z ∼ 1 (see Eq. 9 of Schreiber et al. 2015) . They found evidence for a flattening of the main sequence at high masses (log 10 (M gal /M⊙) > 10.5), similar to the one observed for the sources in our sample. Note that they use stellar masses up to log 10 (M gal /M⊙) ≈ 11.5 to extract their model. Although the weighted mean FIR luminosity of the RGs (large point stars) is consistent with that of star forming galaxies of the same redshift and mass, the weighted mean FIR luminosity for QSOs is systematically higher than the higher end of the FIR luminosity region covered by 'main sequence' galaxies. Similar results have recently been reported for luminous, optically selected quasars. This supports the statement that luminous AGNs are more likely to be associated with major mergers (e.g. Ma & Yan 2015; Dong & Wu 2016) . Santini et al. (2012) have also reported that, on average, X-ray AGN hosts show somewhat enhanced star-formation activity with respect to a control sample of inactive galaxies, although they found them to be consistent with star forming galaxies. While different interpretations are possible, our findings are consistent with a sce-nario whereby periods of enhanced AGN activity and star-forming bursts are induced by major mergers (e.g. De Breuck et al. 2005; Elbaz et al. 2011; Sargent et al. 2013) .
X-ray and FIR observations have been widely used for the investigation and comparison of the star formation activity in distant AGN and star-forming galaxies (e.g. Shao et al. 2010; Harrison et al. 2012; Mullaney et al. 2012b; Rovilos et al. 2012; Santini et al. 2012; Rosario et al. 2013) . They suggest that the sSFRs of AGN are consistent with those of star-forming galaxies, with possible exceptions the luminous AGN (e.g. Rovilos et al. 2012; Treister et al. 2012) . Most of these X-ray works investigate the mean SFRs of AGNs that are less luminous than those studied here, and should also include a high fraction of narrow-emission line AGN. Rosario et al. (2013) suggested a baseline model for Xray broad-emission line QSOs based on which moderate luminosity QSOs are hosted by galaxies that lie on the star-forming mass sequence.
In the case of the RQQs in this work, which are similar only to the most luminous sources of Rosario et al. (2013) , we have found a mean positive offset of ∼ 0.4 dex in log LFIR, which corresponds to the upper limit of the region covered by "main sequence" galaxies. As we see in Fig. 10 , the FIR-detected quasars at the 3σ level (about 30%) are mainly responsible for the SF enhancements compared to the star-forming galaxies, while the upper limits of the FIR-undetected quasars lie well inside the "main sequence". A possible explanation for the differences between our observations and Rosario et al. (2013) baseline model could arise from the fact that a significant fraction of our RQQs is preferentially in "special" populations such as starburst or major mergers that are associated with higher star formation efficiency (e.g Daddi et al. 2010; Genzel et al. 2010) .
Indeed as some studies have suggested, the fraction of quasars hosted by mergers and/or interacting system is about 30 per cent from unreddended quasars (e.g. Dunlop et al. 2003; Floyd et al. 2004) , while for red quasars the merger fraction increases to ∼ 85 per cent. Assuming that the merger fraction might rises with bolometric luminosity (e.g. Hopkins & Hernquist 2006; Urrutia et al. 2008; Somerville et al. 2008; Treister et al. 2012 ) that would explain why the mean SFR for our sample, which is more luminous than Rosario et al. (2013) , is higher than the one for the inactive galaxies.
These studies imply that the host galaxies of moderate luminous AGN and the most luminous AGN might evolve along different paths. The low and moderate luminous AGNs are fueled by secular processes (e.g. Hopkins & Hernquist 2006; Jogee 2006; Younger et al. 2008) , while high luminosity AGNs evolve through major mergers and might have a direct link between the black hole growth and bulge growth.
THE DEPENDENCE OF STAR FORMATION ON RADIO JETS
In this section we will discuss the effect of the presence of radio jets in a QSO on star formation activity. As is already clear from the previous section (see Fig. 9 ), RLQs are associated with higher FIR luminosity than RQQs. This excess is almost constant and independent of AGN properties. Fig. 11 shows the SFR excess, defined as the SFR difference between RLQs and RQQs, for the individual sources in each L bol bin, taking into account the total population (orange filled area) or only the FIR detected QSOs (purple shaded area). Apart from the highest bolometric luminos- ity bin, where only a few sources are found, the SFR excess is almost constant with ∆SFR ≈ 315 M⊙/yr for the total sample and ∆SFR ≈ 380 M⊙/yr for the FIR-detected QSOs. This excess corresponds to about a factor of two. A similar increase in SFR due to the onset of radio jets has been suggested also by simulations of massive, gas-rich, high-redshift galaxies (Silk & Nusser 2010; Gaibler et al. 2012) .
SFR-enhancing phases in RLQs can be caused due to the formation of bow shocks generated by the jet which compresses the interstellar medium (ISM). Jets create cocoons of turbulent gas surrounding the jet leading to a much more efficient clumping of molecular hydrogen and thus accelerated star formation (e.g. van Breugel et al. 2004; Gaibler et al. 2012; Wagner et al. 2012; Ishibashi & Fabian 2012) . Simulations have shown that, although powerful jets' interaction with the ISM might be volume limited, the resulting pressure can impact the galactic disk also at larger radii and eventually all of the galaxy (see Gaibler et al. 2012) . Thermal or kinetic AGN feedback is often thought to heat and expel most residual gas from the galaxy (e.g. Springel et al. 2005; Croton et al. 2006; Bower et al. 2008; Dubois et al. 2012) , reducing the SFR. On the contrary, our results suggest an entirely opposite effect, indicating the formation of an additional population of stars, compared to the RQQs. The need for additional enhancement of star formation has been recently suggested by Khochfar & Silk (2011) for high-redshift galaxies (z > 5) who introduced stochastic boosts in star formation in order to reproduce the observations. Such enhancement could indeed be triggered by the radio jets in gas-rich galaxies; however, there are very few radio galaxies at z > 5 (e.g. Jarvis & Rawlings 2000; Jarvis et al. 2001a; Wall et al. 2005; Rigby et al. 2011 Rigby et al. , 2015 . Therefore, it is important to understand at which epochs and under which conditions radio jets can efficiently boost the host galaxy star formation. Near future synergies between optical spectroscopy (WHT Enhanced Area Velocity Explorer, WEAVE; Dalton et al. 2012 ) and radio continuum (e.g. Low Frequency Array, LOFAR; van Haarlem et al. 2013) surveys will provide much greater sample sizes for radio AGN allowing more stringent constraints on the evolution of the radio population, out to greater redshifts (e.g. WEAVE-LOFAR; Smith 2015).
In our previous work (Kalfountzou et al. 2014b ) we compared the SFR between RLQs and RQQs over a wide redshift range, up to z ∼ 3 with a couple of QSOs at even higher redshifts and we found an excess of 100 M⊙/yr for RLQs with low bolometric luminosity and no difference at high bolometric luminosities. This excess corresponds to more than a factor of 2, but to much lower SFRs than the ones found here. We note that the vast majority of low bolometric QSOs in the K14b sample have z < 1.0 while the high bolometric luminosity QSOs are found at much higher redshifts. The differences between these two studies give some evidence regarding the evolution of the jet-induced star-formation efficiency. As, in this work, we do not find any effect of bolometric luminosity on SFR excess, we assume that the results of K14b are associated with redshift evolution. In this case it would be possible that radio jets' positive feedback efficiency evolves with redshift, peaking at z ≈ 1.0 where we find the maximum SFR excess. However, both RLQs and RQQs may have more star formation at higher redshifts due to the same process as in normal galaxies (e.g. Madau & Dickinson 2014) . Therefore, the enhancement of SFR due to radio jets to the normal SFR might be smaller and harder to detect at higher redshifts. Galaxies in which the conditions for positive feedback by radio-jets may be optimal at z ≈ 1.0 might be associated with the radio-AGN evolution that shows a monotonic increase in space density with redshift out to ∼ 1.0 (with a radio luminosity dependence; Rigby et al. 2011) , in line with the increasing space density of cosmic SFR (e.g. Best et al. 2014; Madau & Dickinson 2014) . Indeed, a consistent picture emerges whereby the availability of a cold gas supply regulates both the radiative-mode AGN and star formation activity (e.g. Hardcastle et al. 2007; Heckman & Best 2014) .
While this work is consistent with positive feedback, we should be aware of selection effects and the conditions under which radio jets would enhance the star-formation. For example, our sample consists of very massive QSOs with high SFR even in the case of RQQs. The high SFRs would suggest that these QSOs might have gone through recent, major, gas-rich merger events indicating high gas supplies. Especially for RLQs, minor merger events might be more common as they are often associated with high density environments (e.g. Venemans et al. 2007; Falder et al. 2010; Kuiper et al. 2011) . Under these assumptions, radio jet feedback might depend on gas availability associated with the environment and cold gas supplies.
STAR FORMATION IN RG AND RLQ
It has been suspected from submillimetre studies that the hosts of powerful radio-loud AGN undergo brief episodes of intense star formation which increase with redshift (e.g. Archibald et al. 2001 ). Using Herschel data, Seymour et al. (2011) found a mean SFR range of 80 to 600 M⊙ yr −1 for 1.2 < z < 3.0 radio-selected AGN. In the same context, Drouart et al. (2014) estimated SFRs of a few hundred to a few thousand solar masses per year for 1 < z < 5 radio galaxies. Recently, Podigachoski et al. (2015) , comparing the SFR of 3C radio-loud AGN and radio quasars at z > 1, found similar SFRs for the two classes and at the same levels with the previous works. The idea that the hosts of high-z radio-loud AGN can form stars at high rates is consistent with the jet-induced star formation model. In this work, while we find that RLQs are associated with vigorous star formation activity, the RGs of this sample have significantly lower SFRs of about a factor of 2.5 for the same BH masses with only two FIR detected sources. Priddey et al. (2003) found quite similar differences (about a factor ∼ 2) using submillimetre observations of 1.5 < z < 3 RQQs and RGs drawn from SCUBA surveys (Archibald et al. 2001 ). On the other hand, Isaak et al. (2002) suggested that these differences are far less marked at z > 4.
The FIR-radio luminosity plane is presented in Fig. 8 . The RGs in our sample are associated with higher radio luminosities than RLQs (see Fig. 2 ; almost all RGs have log 10 (L325MHz/W Hz −1 sr −1 ) > 26.0). Assuming that both RGs and RLQs emanate from the same parent population, we find that the FIR luminosities of the most radio luminous sources in Fig. 8 (see RLAGN region) are significantly lower than the radio sources with lower radio luminosities. However, no significant evidence is found regarding an anti-correlation between FIR and radio luminosity.
A possible interpretation of this result would be that star formation enhancement efficiency depends on the radio power, with powerful radio jets associated with negative feedback reducing the star formation in the host galaxy. In fact, radio jet pressure can be sufficiently large to expel significant quantities of gas from the galaxies (Nesvadba et al. 2006) , thereby quenching the star forma-tion (Croton et al. 2006) . However, this interpretation should also depend on galaxy mass. Indeed, the fraction of radio-loud AGN is a strong function of stellar mass and redshift (e.g. Jiang et al. 2007; Donoso et al. 2009 ) suggesting that radio jet feedback predominantly occur in massive halos. Thus, we might expect that its influence will have the clearest signature in massive galaxies. Observational studies on this issue return controversial results (e.g. Nesvadba et al. 2010; Papadopoulos et al. 2010 ) with positive feedback being directly observed in a few local (e.g. Croft et al. 2006) , intermediate (e.g. Inskip et al. 2008 ) and high redshift sources (e.g. Dey et al. 1997; Bicknell et al. 2000) . The observed differences could be explained by the fact that galaxy masses vary strongly with redshift but also amongst radio galaxies at similar redshifts (e.g. Kauffmann et al. 2008) . In Fig. 8 we compare the SFR between RLQs and RGs with similar radio power (see RLAGN region) and it is clear that RLQs have higher FIR luminosity than RGs. That can be explained as a consequence of the RLQs in the RLAGN region apparently having higher galaxy masses than the RGs (e.g. see Fig. 4 where RLQs are associated with higher black hole masses). Assuming the LFIR − M gal relation for z ∼ 1 as defined by Schreiber et al. (2015) for the RLQs ( M gal = 10 12.1 M⊙) and the RGs ( M gal = 10 11.6 M⊙) in the RLAGN region we would expect a similar level of FIR luminosity. However, the large uncertainties of the LFIR − M gal relation at M gal > 10 11.5 M⊙, about ±0.3 in log LFIR, could explain the offset in FIR luminosity we observe in the RLAGN region. This conclusion arises from the assumption that the Magorrian relation holds both ways around.
The RG selection from radio surveys favours objects with the highest values of radio luminosity (i.e. jet power) explaining why the RGs in our sample are more radio luminous than the RLQs. On the other hand, the RLQ selection from both optical and radio surveys favours objects with both high jet power and bolometric luminosity (e.g. accretion rate). However, in all likelihood the quasars are probably biased towards bigger black holes due to the optical selection, as we are selecting on BH properties rather than host galaxy properties.
In order to explain the observed differences regarding the SFR in the two populations taking into account both the galaxy mass and jet power, we suggest a 'toy model' in which there is some jet power threshold at which radio-jet feedback switches from enhancing star formation (by compressing gas) to suppressing it (by ejecting gas). Then that threshold will be dependent on both galaxy mass and jet power. In this model, the SFR enhancement (i.e. the level of SFR excess compared to a control sample of radio-quiet AGN with the same bolometric luminosity and galaxy mass) starts from zero for AGN without radio jets, has a mass-dependent peak as jet power increases, and then decreases gradually for higher jet power.
The value of the model is that it can explain the differences between the SFRs estimates in different radio-power sources selected in different ways in recent studies (e.g. Seymour et al. 2011; Dicken et al. 2012; Magliocchetti et al. 2014; Podigachoski et al. 2015; Magliocchetti et al. 2016) . It also confirms and extends the high star-forming activity observed in the hosts of radio-active AGN selected by different methods (e.g. Hatziminaoglou et al. 2010; Santini et al. 2012; Rosario et al. 2013; Drouart et al. 2014 ). For instance, Podigachoski et al. (2015) use a sample of radio-loud objects that is similar in many ways to the dataset in this work, though they target more radio luminous systems. In term of source selection, both Podigachoski et al. (2015) RGs and RLQs samples and our RGs are selected from bright radio surveys (e.g. the Revised Third Cambridge Catalogue of radio sources, hereafter 3CR; Spinrad et al. 1985) . Comparing their radio luminosities, the 3CR sample have a L325MHz 10 26 W Hz −1 sr −1 limit which is similar to the one of the radio galaxies in this work (see Fig. 2 ). Thus, our SFR estimations for the RG population are in perfect agreement (LFIR ∼ 10 11.7 L⊙) to the ones found by Podigachoski et al. (2015) , especially for their FIR-undetected sample if we consider that almost all of our RGs are FIR-undetected. In addition, our RG systems are also found to have SFRs that are quite similar to inactive galaxies selected from the deeper Herschel surveys (e.g. Rosario et al. 2013) . However, this is not the case of the RLQs in this work. As we show in Fig. 2 , the RLQs' radio luminosity goes down to L325MHz ∼ 10 24.5 W Hz −1 sr −1 with the majority of the sources having 10 25 − 10 26 W Hz −1 sr −1 . As we suggest in our model, at the highest radio powers negative feedback could lead to an overall suppression in SFR. In this case, Podigachoski et al. (2015) results are in agreement with our model as both RGs and RLQs with similar radio luminosities share very similar SFRs, just like the RGs in this work. The fact that our RLQs could be characterized as moderate radio systems, at least compared to the RGs, can possible explain the reported SFRs differences. Apart for the radio-jet positive feedback which could have increased the SFRs in these systems, compared to the RGs and the inactive galaxies, the galaxy mass could also control somehow these results. Specifically, Podigachoski et al. (2015) assume a stellar mass range of 1.5 × 10 11 − 6 × 10 11 M⊙. This range is similar to the RGs of our sample (see Fig. 4 ) but our QSOs extend to higher stellar masses with a mean of 7.5 × 10 11 M⊙.
For the same high radio luminosity regime and z < 0.7, Dicken et al. (2012) did not find a close link between starbursts and powerful radio-loud AGN using Spitzer/Infrared spectroscopy. On the other hand, Magliocchetti et al. (2016) recently found an intense star-forming activity in the majority of less luminous radioselected AGN (L1.4 GHz < 10 25 W HZ −1 sr −1 ). A comparison to this work might be hard not only because the different source selection and redshift distribution but also because Magliocchetti et al. (2016) results arise from FIR-detected radio-selected AGN. However, our suggested model seems to be applicable even in this case. Magliocchetti et al. (2016) found that the IR luminosity distribution of their sources peaks at around LIR = 10 12.5 L⊙, slightly higher than our mean value for sources with similar stellar mass found in the radio-excess region in Fig. 8 .
In order to investigate how our observations fit in this 'toy model', we use the RQQs as a control sample. We have separated the RQQs into 4 bolometric luminosity bins, with about the same number of sources (∼ 18), and for each bin we estimated the weighted mean specific star-formation rate (sSFR) where the stellar masses are calculated as described in Section 3.1. From low to high bolometric luminosity bins we found 1.472±0.554, 0.314±0.103, 0.388 ± 0.089 and 0.180 ± 0.039 Gyr −1 . Then, the sSFR of each RLQ and RG in our sample was normalized by the weighted mean sSFR from the RQQ control sample, depending on the bolometric luminosity of each source, in order to estimate the sSFR enchantment fraction associated with the radio jets. We prefer the use of sSFR instead of the SFR in order to account for the galaxy mass dependence in the 'toy model'. We have excluded six RGs from this analysis with bolometric luminosities lower than the lower RQQ bolometric luminosity bin (L Bol < 10 45.3 erg s −1 , see Fig. 4 middle panel). We note that five of these RGs have been classified as LERGs by Fernandes et al. (2015) .
In Fig. 12 , we present the fraction of sSFR enhancement due to the radio jets as a function of jet power. As described above, we expect a mass-dependent peak, therefore we normalize the jet power to the Eddington luminosity (i.e. black hole or galaxy mass) in order to control for this dependence. Higher-mass galaxies will be able to hold on to their gas better for a given jet power, so there will be some mass-dependent threshold in jet power beyond which jets tend to have an increasingly suppressing effect on star formation. It seems that our observations follow the suggested 'toy model' with sources at the low and intermediate jet power found at the peak of the star-formation enhancement, while at the highest jet power the radio sources have passed the jet power threshold at which radiojet feedback switches from enhancing star formation to suppressing it. Indeed, the estimated mean sSFR suppresses fraction is < 1 suggesting that powerful jets for a given galaxy mass suppress the star formation in the host galaxy compared to a radio-quiet source. Larger RG samples, covering a wide range of galaxy masses and radio luminosities, would provide us with additional observational constraints for our model. Although the suggested model seems to explain the observations, we have to keep in mind that the star formation in the host galaxies of these RLQ and RG systems might be controlled by many additional parameters, like the environment and merger activity, which we expect to be quite common especially for the quasars in our sample (e.g. Santini et al. 2010; Kartaltepe et al. 2012; Ramos Almeida et al. 2012 ). For instance, Stevens et al. (2003) presented submillimetre imaging of seven high-redshift RGs, several of which present spatially extended massive star-formation activity (∼ 30 − 150 kpc), co-spatial in same cases with similarly extended UV emission (e.g. Hatch et al. 2008) . This suggests that the brightest submillimetre companions trace to the high-redshift RGs may trace a large-scale structure which would contain the densest cross-sections of gas. In this case, the very brightest radio sources in our sample, dominated by RGs due to the selection method, might be physically associated with over-dense regions. Therefore, the high jet power sources of our sample might have formed their stars at earlier epochs and we now observe them at a passive evolutionary stage.
CONCLUSIONS
We have presented Herschel photometry of RLQs, RQQs and RGs selected at a single epoch, z ≈ 1. Combining the Herschel observations with SMA observations we performed a full radio-FIR SED analysis to investigate the non-thermal contamination to the FIR bands. SDSS data for the QSOs and mid-IR data for the RGs in our sample were used to estimate the AGN luminosity of each source. The FIR observations were used to estimate the SFR for the individually FIR detected sources and the stacked SFR for a variety of AGN and radio properties. We summarize the results below:
(i) About 33 per cent (43/149) of the QSOs and 8 per cent (2/27) of the RGs have robust PACS and SPIRE detections. These detection rates are translated to ULIRG-like star formation luminosities suggesting SFRs of hundreds of solar masses per year.
(ii) SMA 1300 µm observations lead us to reject 17 RLQs in which the 500 µm flux may suffer significant synchrotron contamination.
(iii) We find that about 40 per cent (22/57) of RLQs have robust FIR detections and 30 per cent (21/72) of RQQs. The SFRs of the FIR detected QSOs are higher than a simulated mass-matched galaxy sample supporting the scenario of a merger induced star formation activity. Additionally, the high SFRs and detection rates suggest that there is no clear evidence that the star formation has been quenched in the hosts of these powerful QSOs compared to the non-AGN galaxies. Although radio-jets can enhance the SFR in the RLQs compared to the RQQs, they are not the likely cause of the star formation as RQQ systems as still found with significantly high star formation activity.
(iv) The FIR luminosity does not show a strong correlation with the AGN luminosity or the stellar mass for any of the three subsamples in contrast to what is expected for AGN-dominated systems. The lack of dependence on AGN luminosity might suggest that neither the QSO continuum is the cause of star formation activity in any of the AGN systems we studied in this work. A multiwavelength SED for the measurement of the bolometric luminosity would improve the uncertainties arise from the L12µm and L3000 use for the L bol calculation and their associated bolometric corrections, in order to confirm our results.
(v) The RLQs are found to have a SFR excess of about 300 M⊙ yr −1 (a factor of 2.5) over RQQs of the same bolometric luminosity, similar to the one suggested from simulations in gasrich radio-loud AGN .
(vi) Merger induced star formation activity is a possible mechanism leading to the SFRs obtained for RQQs while radio-jet triggered star formation seems to be the likely cause for the SFR excess in RLQs compare to the AGN luminosity matched RQQ sample. It is expected that RGs' low detection rates are associated with the radio selection of the sample, suggesting the existence of a jet power threshold below which the radio jets enhance the star formation and above which they suppress the star formation in the host galaxy by ejecting gas. In this appendix the best-fit radio to FIR SED plots for a representative sample of RLQs are reported (Fig. ??) . Table A1 lists the Herschel photometry of the objects studied in this work with their 1σ photometric uncertainties (cols. 7, 8, 10, 11, 12) obtained as described in Sec. 2.2. Their PACS and SPIRE observation IDs are given in cols. 6 and 9 indicating also the cases that the observations obtained from public data.
We also present the properties of the total AGN sample in Table A2. The latter lists the following information for each source: right ascension and declination (J2000.0) in degrees (cols. 1 and 2), type classification (col. 3), redshift (col. 4), logarithmic bolometric luminosity measured as described in Sec. 3.2 with the associated 1σ uncertainty (col. 5), logarithmic 325 MHz radio luminosity including the upper limit estimates for RQQs (col. 6), synchrotron contamination at the FIR bands (Y: for sources with contamination that have been rejected from the sample; col. 7), logarithmic black hole mass measured as described in Sec. 3 with the associated 1σ uncertainty (col. 8), logarithmic LFIR luminosity measured as described in Sec. 3.5 with the associated 1σ uncertainty (col. 9).
In Table A3 we present the SMA observations of the 44 RLQs candidates for synchrotron contamination. The following information are given for each RLQs: right ascension and declination (J2000.0) in degrees (cols. 1 and 2), atmosheric opacity (col. 3), date of observations (year, month, day; col. 4), observed frequency (col. 5), number of antennas used (col. 6), 1300 µm flux with the 1σ error (col. 7). For undetected sources we provide a 4σ upper limit. Note that for seven sources there are multiple observations due to the poor weather conditions.
APPENDIX B: THE MEAN FAR-INFRARED LUMINOSITY CALCULATIONS
In this Appendix we present our results for the different methods that we performed to estimate any systematic errors for the calculation of the mean far-infrared luminosity values. In Section 3.3. we describe the method we used to calculate the mean far-infrared luminosity from the direct stacking on Herschel maps. In Section 3.5 we describe the different statistical methods we have used to calculate the mean far-infrared luminosity of each bolometric luminosity bin. In Table B1 we present our calculations for each of the methods and for different statistical mean estimations. We find Table B1 . Calculation of the mean far-infrared luminosity values for the different methods presented in Sections 3.3 and 3.5 using the same bolomotric luminosity bins as in Figure 9 . 
